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Abstract 
    The relationship between particle number concentration and the established air quality indicators such as PM10 
and NO2 is very important regarding the environmental quality of air. The results of this study revealed that 
correlation of the number of particles and NO2 depends on the mixing processes in the atmosphere, such as the 
formation of boundary layer and mixing layer. The diurnal variation of the correlation of the number of particles 
and PM10 is related to their sources and life times in an urban atmosphere. The effect of the wind speed and 
rainfall is strong in the correlation of NO2 and number of particles.   
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1. Introduction 
   Particles in urban environments have an important impact on human health. Particles increase the risk of 
respiratory and cardiovascular diseases of the inhabitants in an urban area [1-4]. Ruuskanen et al. [5] discovered 
that the health risk of particles can be related to either by number concentration or mass loading of particles. A 
public health concern is growing up with respect to the particle number concentrations due to the potential 
adverse health effects and the unknown effects associated to the submicrometer particles. Nowadays, legislation 
is based on mass units, and the number of particles is not accounted for. However, several studies reported that 
the number concentration of submicrometer particles such as particles with a diameter <100 nm (often called 
ultrafine particles)  have a much stronger impact on human health than the same mass of supermicrometer 
particles such as PM10 [6, 7]. According to Donaldson et al. [7] these ultrafine particles could penetrate into 
pulmonary interstitial spaces and thus induce inflammation. Ultrafine particles are numerous and have extremely 
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low mass, which makes them practically invisible when particle number concentration is measured using the 
PM10 mass concept. However, within the environmental quality objective of fresh air, there is currently no 
established indicator for the particle number concentrations. Therefore, the question is if legislation for other 
traffic indicators such as PM10 and NO2 can cover the particle number concentration. 
The purpose of this study was to investigate how the particle number concentration varies over time in relation 
to the established air quality indicators such as PM10 and NO2. For that purpose the correlation between the 
number concentration of particles and the indicators PM10 and NO2 has been examine to quantify the discrepancy 
between them under different atmospheric conditions. 
Meteorological parameters such as wind speed, wind direction and rainfall play an important role in the 
concentration and transportation of the pollutants. In this study the effect of wind speed and rainfall had also 
been considered to reveal the relationship between PM10, NO2 and the particle number concentration. 
2. Experimental  
2.1 Description of the Site 
    The measurement site is located in the city of Gothenburg, situated at the Swedish west coast. As shown in 
figure 1, the measurement of number of particles, PM10 and NO2 took place at the roof top of Femman which 
EHORQJVWRWKHVKRSSLQJFHQWUH1RUGVWDQZLWKLQWKHFLW\FHQWUHof Gothenburg in Sweden. 
 
 
Figure 1: Map of central Gothenburg. Feman measurement station is highlighted in the right hand figure  
The city centre of Gothenburg is surrounded by several roads and the harbour is situated southwest of 
Femman where the measurement took place. Femman is situated closest to the biggest road Nils Ericsonsgatan. 
The total number of vehicles observed on the part between Köpmansgatan and Spannmålsgatan of the road Nils 
Ericsonsgatan was 2220 per hours in 2006 and 2080 per hour in 2007. The harbour contributes greatly to 
LQGXVWULDO DQG WUDQVSRUWDWLRQ DFWLYLWLHV LQ *RWKHQEXUJ DV D ORW RI WKH LPSRUW DQG H[SRUW RFFXUV KHUH 6KLSV
emission is also a major source of air pollution in Gothenburg.  
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2.2 Instrumentation 
The data of the particle number concentrations were available from measurements of particles size 
distributions, conducted with a TSI-3932 differential mobility particle sizer (DMPS). The DMPS system consists 
of three main parts: a bipolar charger, a DMA (Different Mobility Analyzer) and a CPC (Condensation Particle 
Counter). An EC (Electrostatic Classifier) is constituted with DMA.  
The DMPS was placed at the roof top site at Femman. For this study, particles within the diameter range 10-
368 nm were measured and only the total number concentration of particles was used for analysis. The 
measurement station was also equipped with various on-line air monitoring instruments to measure CO, NO, 
NO2, O3, SO2 and PM10 and was recorded as 1-minute time resolution. Meteorological parameters that were 
measured at this site were temperature, air pressure, relative humidity, rainfall, wind speed and direction.  
2.3 Data Interpretation  
The data used for this study for particle number concentration were available as 5-minutes averages. The data 
for trace gases and meteorological parameters were available as hourly averages. For this study data from 9 June 
2006 at 00:00 to 2 July 2006 up to 23:00 were taken into consideration. From 9 June 2006 at 00:00 to 2 July 
2006 at 23:00, 5-minutes averages data for particle number concentration were converted to hourly averages. 
Totally, 576 data points were considered for the analysis. Then the diurnal averages of PM10, NO2 and the 
particle number concentrations were calculated for the period 9 June to 2 July 2006.  
3. Results and Discussion 
3.1 Diurnal variation of the concentration of selected pollutants 
Diurnal variation of the concentration of different pollutants can be observed in Figure 2and 3. In Figure 2, the 
total number of particles shows an increase from 5:00 and reaches the peak at 7:00 up to 8300 particles/ cm3. 
During the afternoon a substantial increase in the number density of particles can be observed. This is probably 
because of the enhanced emissions from traffic.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2: Mean hourly variation of the concentration of NO2 and the number of particles 
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In Figure 3, the hourly mean concentrations of PM10 also show the similar type of variation as the number of 
particles until 15:00 in the afternoon.  After that the hourly mean concentrations of PM10 decrease, while the 
number concentration of particles remains constant. This difference may be due to different sources and life 
times of PM10 and number of particles. The submicrometer particles are more commonly emitted directly from 
traffic; whereas PM10 can be originate from various sources. The number of particles also has rather constant 
concentration during the earlier part of the night. This is because of the formation of lower nocturnal boundary 
layer and a decreased mixing during the night.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Correlation for the entire data sets 
 
Correlation coefficients between selected quantities were calculated for the entire data sets and presented in 
Table 1. It turns out that the correlation of the number of particles and NO2 is higher than with the number of 
particles and NO. That can be partly explained by the age of air masses which can be observed at this site, 
including a large fraction of transported particles in the concept of ultra-fine particles[8]. Considering the entire 
data set, the correlation between PM10 and NO2 is very weak.  
Table 1: Correlation coefficients for particles number concentration, NO, NO2, PM10 and the ratio of NO to NO2 
 
 NO/NO2 NO NO2 PM10 Particle number 
concentration 
NO/NO2 1 0.53 0.73 0.20 0.59 
NO  1 0.57 0.22 0.42 
NO2   1 0.25 0.62 
PM10    1 0.42 
Particle number concentration     1 
 
Figure 3: Mean hourly variation of the concentration of PM10 and the number of particles 
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Fresh emissions contain high NO and low NO2 , while aged air masses or long range transported air masses 
contain low NO and high NO2 [8].  So, the ratio of NO and NO2 can be used to indicate the influence of long 
rang transported pollutants on the correlation of the pollutants. During the measurement period the ratio of NO 
and NO2 was 0.36 from 05:00 to 11:00 and 0.20 from 12:00 to 18:00. So, the ratio of NO and NO2 was less in the 
afternoon compared to the morning, which indicates that in the afternoon the air mass originated from distant 
places carrying pollutants from remote sources. This resulted in a higher correlation of the number of particles 
and NO2 than that of the number of particles and NO. 
 
3.3 Diurnal correlation analysis 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Mean hourly variation in the correlation of the particle number concentration vs. NO2 
Figure 5: Mean hourly variation in the regression slope of the particle number concentration vs. NO2 
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Figure 4 shows that the correlation of the particle number concentration with NO2 is stronger in the night and 
in the morning rush hour than that of afternoon rush hour. Figure 5 presents the calculated regression slope for 
particle number concentrations vs. NO2. The regression slope has a large variation with time which indicates that 
the relationship between particle number concentration and NO2 is not constant all the time. This indicates that 
the legislation for NO2 cannot cover the particle number concentration. In addition, the particle number 
concentration and NO2 concentration are different at different times of the day, which has already been 
demonstrated in Figure 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Mean hourly variation in the correlation of the particle number concentration vs. PM10 
Figure 7: Mean hourly variation in the regression slope of the particle number concentration vs. PM10 
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The average diurnal variation of the correlation coefficient between the PM10 and the particle number 
concentration is illustrated in Figure 6, which indicates stronger correlation of the number of particles and PM10 
during the morning rush hours. Correlation between these two pollutants is not strong during the noon and 
afternoon from 11:00 to 17:00. This diurnal variation is related to source and life time of particle number 
concentration and PM10 concentration in an urban atmosphere. The ultrafine particles are commonly emitted 
directly from traffic and usually follow the diurnal traffic pattern [9, 10]. Moreover, the source of PM10 could be 
related to various activities, including re-suspension by traffic [11-13]. Figure 7 shows the diurnal variation of 
the regression slope for number of particles vs. PM10. Here it can be observed that in the early morning from 3:00 
to 7:00 the slope of regression line is constant, while the slope is more irregular rest of the hours of the day. The 
slope of the regression line from 3:00 to 7:00 upholds the impact of lower nocturnal boundary layer on the 
concentration of PM10 and number density of particles. The irregular slope for the rest of the hours of the day 
supports that PM10 and number of particles have different sources and life time. This points out that the 
relationship between particle number concentration and PM10 is not constant most of the all the time of the day.  
 
3.4 Meteorological parameters and diurnal correlation analysis 
  
The influence of wind speed was examined by dividing the data set into two groups, considering wind speeds 
less than 3.5 m/s, which are referred to as low wind condition and higher than 3.5 m/s, which are referred to as 
high wind condition. Hereby, 3.5 m /s is the median value for wind speed during the entire measurement period. 
Altogether 295 data points (hours) were found for low wind speed condition and 281 data points (hours) were 
found for high wind speed condition.  
Figure 8 shows that the correlation between the particle number concentrations vs. NO2 is very high until 
13:00 under low wind speed condition. Suddenly negative correlation can be observed at 14:00 and 16:00, when 
the wind speeds was low. At 14:00 only three data points and at 16:00 only two data points with low wind speeds 
were detected, which are not sufficient to present the correlation between NO2 and the number of particles. From 
13:00 to 17:00 the correlation between number of particles and NO2 is high under high wind speed condition. 
This is due to emission of number of particles and NO2 into a well-mixed layer in the atmosphere during these 
times. Figure 8 also shows that under high wind speed condition the correlation between NO2 and the number 
density of particles suddenly becomes negative at 4:00. However, at 4:00 only five data points with high wind 
speeds were detected, which are not adequate to determine the correlation between NO2 and the number of 
particles.  
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Figure 9 shows that the correlation between the number of particles and PM10 is fairly good in most of the 
hours of the day when the wind speed was less than 3.5 m/s. At low wind speeds negative correlation can be 
Figure 8: Correlation of particle number concentration vs. NO2 under low and high wind speed condition 
Figure 9: Correlation of particle number concentration vs. PM10 under low and high wind speed condition. 
Figure 10: Mean hourly variation in the correlation of particle number concentration vs. NO2 with and without rainfall 
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noticed in the afternoon at 14:00 and 16:00 because of a few outlying data points. This negative correlation is 
observed for limited number of data points, which are not significant to present the correlation between the 
number of particles and PM10. Almost 83% of the data points during the noon and afternoon from 11:00 to 16:00 
were found for high wind speeds, i.e. greater than 3.5 m/s. However, during this time period the correlation 
between these two pollutants is also low for high wind speed condition. Therefore, the correlation between 
number of particles and PM10 is not constant all the time.  
From 9 June to 2 July out of 576 observation hours only 58 hours have been found when rainfall occurred. 
The diurnal distribution of rainfall was different at different times of the day. During the measurement period 
37% data points for rainfall has been found between 00:00 and 12:00 and 63% data points for rainfall has been 
found between 13:00 and 23:00.   
An influence of rainfall on the correlation of different pollutants was not found, except for the correlation of 
the number of particles and NO2. Figure 10 shows that the correlation of particle number concentration vs. NO2 
is stronger, especially in the afternoon, when there was no rainfall than that of the hours with rainfall. The 
correlation of particle number concentration and NO2 is affected by rainfall as rainfall washes away the particles 
and rain water reacted with NO2 during the rainfall.    
4. Conclusions 
From the result of this study, it is clear that PM10 and NO2 concentration is not a proper indicator of particle 
number concentration. The correlation between number of particles, PM10 and NO2 varies all the time of the day. 
The correlation of the particle number concentration with NO2 is strong only in the night and in the morning rush 
hour, while their correlation is clearly weak in the afternoon. The mean hourly regression slope also shows a 
large variation with time which indicates that the relationship between number of particles and NO2 is not strong. 
The correlation and regression slope of particle number concentration and PM10 also revealed that PM10 is a weak 
indicator of the number of particles. The correlation between PM10 and the number of particles is only affected 
by wind speed, while the correlation between NO2 and the number of particles is affected by both wind speed and 
rainfall. The results of this study also suggest that present air quality guidelines, which are in term of emitted 
mass concentration, are required to evaluate appropriate control strategies for particle number concentration.   
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